To identify the underlying mechanisms that limit the mitotic potential of normal somatic cells, we have undertaken a high resolution differential proteomic analysis aimed at identifying proteins that were differentially expressed upon replicative senescence. Since replicative senescence in heterogenous primary fibroblast cultures is asynchronous, we analysed a group of conditionally immortalized rat embryo fibroblast cell lines that have previously been shown to undergo synchronous senescence upon inactivation of SV40 tsA58 T antigen. This identified 43 spots that were differentially expressed in these cell lines. Comparison of the identity of these features with those identified in a complimentary independent differential proteomic analysis of replicative senescence, directly in primary rat embryo fibroblasts upon serial passaging, identified nine features that were in common between the two studies even though they had been conducted entirely separately. None of these proteins have previously been recognized to be involved with replicative senescence. Thus, they represent novel starting points for elucidating the underlying mechanism that regulates the finite mitotic life span of somatic cells and how it can be overcome in cancer cells.
Introduction
Normal cells undergo a finite number of divisions and then cease dividing whereas cancer cells are able to proliferate indefinitely. The acquisition of an unlimited proliferative potential has thus been proposed to be one of the critical steps in cancer, which arises as a consequence of the accumulation of multiple independent mutations in genes that regulate cell proliferation and survival (Hanahan and Weinberg, 2000) . When normal cells cease dividing they undergo replicative senescence and even though this has been extensively studied, the underlying mechanism that limits the mitotic potential and how this is subverted in cancer cells is not known. The lack of progress has mainly been due to the absence of suitable systems for its study and to the asynchrony, as well as the complexity, of this process in heterogenous cells populations Campisi, 1996) .
Replicative senescence is commonly studied by the serial cultivation of primary cells. Under the appropriate culture conditions these cells initially proliferate exponentially but cease dividing after some passages. The loss of proliferative potential in such heterogenous primary cultures is asynchronous and occurs after differing numbers of passages depending upon the cell type and the donor species (Stanulis-Praeger, 1987; Cristofalo and Pignolo, 1993) . When the cells have reached the end of their in vitro life span, they can be maintained, remain metabolically active, but cannot be induced to undergo new rounds of cell division (Darmon and Jat, 2000) . In the serial cultivation of primary mammalian fibroblasts the culture as a whole divides initially and undergoes growth arrest towards the end. However, there can be some growth arrested cells in the early passages and dividing cells towards the later passages.
The discovery that certain viral oncogenes have the capacity to confer indefinite growth in various cell types has allowed us to develop a rodent system in which senescence can be induced synchronously by altering the growth temperature, in an analogous way to the use of conditionally lethal mutants in the characterization of many complex processes in prokaryotes and yeast.
Introduction of Simian Virus 40 large tumour (T) antigen alone into rodent fibroblasts gives rise to cells that can proliferate indefinitely but are dependent upon it for maintenance of their growth once the normal mitotic life span has elapsed (Conzen and Cole, 1995; Darmon and Jat, 2000; Jat and Sharp, 1989) . We showed by using the thermolabile SV40 tsA58 T antigen that inactivation of T antigen in these immortalized cells causes a rapid and irreversible cessation of growth and synchronous entry into senescence (Gonos et al., 1996) . This was done by using the thermolabile SV40 tsA58 T antigen to isolate conditionally immortal cell lines derived from primary rat embryo fibroblasts (REFs). These tsa cell lines grow continuously at 338C, the permissive temperature, where the large T antigen is active, but rapidly undergo growth arrest upon shift up to 39.58C, the nonpermissive temperature, due to inactivation of the tsA58 T antigen. Analysis of these conditionally immortalized tsa cell lines showed that upon shift up to the non-permissive temperature they show a loss of prolfierative potential that has characteristics very similar to replicative senescence of normal REFs upon serial cultivation (Gonos et al., 1996) . However, in contrast to replicative senescence upon serial passaging of primary REFs, senescence in these tsa cell lines occurs synchronously within 72 h (one or two generations) (Gonos et al., 1996) .
To determine when cells became dependent upon the SV40 large T antigen to continue dividing, the H-2K b tsA58 strain of transgenic mice was developed (Jat et al., 1991) . These mice harbour the tsA58 T antigen under the control of the g-interferon inducible H-2K b class 1 promoter, and allow the preparation of cell populations in which the expression of T antigen can be induced or suppressed in every cell by manipulating the growth conditions (Jat et al., 1991) . Analysis of embryonic fibroblasts prepared from these mice has demonstrated that cells become dependent upon T antigen for maintaining growth only when their normal mitotic life span has elapsed and that the biological clock that limits the mitotic potential continues to function normally, even in the presence of the immortalizing gene (Ikram et al., 1994) . Thus cell division in rodent cells is not regulated by random accumulation of cellular damage and neither is it simply a culture shock but involves a genetic program comprising two components: a counting mechanism that measures the finite mitotic life span, and a process of entry into the post-mitotic state. The counting mechanism in mouse cells is not dependent upon shortening of telomeres (Wright and Shay, 2000) , as has been proposed for human cells (Blasco et al., 1997; Serrano and Blasco, 2001) , but is temperature sensitive (Ikram et al., 1994) . SV40 T antigen blocks the entry into the post-mitotic state and it is for this reason that the cells undergo synchronous senescence upon its inactivation. Therefore the tsa cell lines should represent an excellent model system for identifying the changes that are critical for the entry into senescence.
We have therefore undertaken a differential proteomic analysis of the loss of proliferative potential in these tsa cell lines. Moreover we have chosen to analyse three tsa cell lines (tsa4, 8 and 12) and only characterize changes that were commonly observed in all the lines. Since this model requires that cells be shifted to a higher growth temperature and genes could be differentially regulated by the increase in the temperature, we have complimented our studies by analysing SV2 and SV4 cell lines (Jat and Sharp, 1989) . These two cell lines had been derived from the same batch of Fischer REFs, at the same time using the same protocol, except that they were isolated after infection with a recombinant retrovirus that transduced the wild type SV40 T antigen and thus grow at both temperatures. To ensure that the changes in expression were not specific to a particular genetic background, we analysed also tsa129, another tsa cell line, that was derived from Sprague -Dawley REFs but using the same thermolabile tsA58 T antigen (Mazars and Jat, 1997) . Changes in protein expression profiles were monitored by high-resolution 2-D polyacrylamide gel electrophoresis. Features that were commonly differentially expressed between all the tsa cell lines, and not in the SV cell lines were excised and identified by peptide mass mapping by matrix-assisted laser desorption/ ionization (MALDI-MS) and nano-HPLC electrospray ionization tandem mass spectrometry (ESI-MS/MS). This analysis identified 43 spots whose expression changed more than 1.5-fold upon loss of proliferative potential. The study presented here has been carried out in parallel with another study where we have also used differential proteomics to directly examine replicative senescence in asynchronous cultures of serially passaged Sprague-Dawley REFs (Benvenuti et al., 2002) .
Results

2-D gel analysis
Triplicate independent total protein extracts prepared from four different clonal conditionally immortalized cell lines (tsa4, 8, 12 and 129) grown at 338C, or after shift up to 39.58C, for 72 h were fractionated on 2-D gels, to visualize changes in their proteome. To eliminate any changes in protein expression due to the shift up to 39.58C for 72 h, extracts prepared from the two SV (SV2 and SV4) cell lines were analysed as a control. Since SV2 and SV4 were derived by immortalization of REFs with wild-type SV40 T antigen, they proliferate at both 338C and 39.58C and permit elimination of changes that are not related to loss of proliferative potential but are the consequence of the temperature shift. Moreover, to ensure that only changes in expression due to senescence were being examined, extracts were prepared from sub-confluent cultures in which the culture media had been changed the day before the extraction, and thus should not contain quiescent cells.
Three independent extracts were prepared for each cell line at 338C and 39.58C, and run as three independent gels. The fractionated proteins were detected by staining the gels with the fluorescent dye OGT MP17, followed by scanning at a detection level of less than 1 ng of protein (Page et al., 1999) . Representative 2-D gels for tsa8 and SV4, at 338C and 39.58C are shown in Figure 1 . The primary images were processed with a customized version of Melanie II. Individually resolved protein features were enumerated and quantified on the basis of fluorescence signal intensity. Intensities were measured as percentage of volume, corresponding to pixel intensities integrated over the area of each spot and divided by the sum over all spots in the gel. The intensity of each spot was then corrected by subtracting a background intensity of equal area. The isoelectric point (pI) and molecular weight of each spot was calculated by bilinear interpolation between landmark spots on each image that had previously been calibrated with respect to Escherichia coli proteins. Staining and scanning of the gels were by previously published procedures.
A triplicate gel curation was performed for each triplicate. Within each triplicate the gel with the most detected features (spots) using the Melanie II software was chosen and designated as the Reference gel; the other two gels, inside each triplicate, were subsequently designated gel I and gel II. Gel I was first curated against the Reference gel and then gel II was independently curated against the Reference gel. Only in the last step gel I and gel II were curated against each other. For the 'transitive rule' gel I and gel II were expected to contain exactly the same features. If some sort of mismatch was found in the final comparison between gel I and gel II, the Reference gel was utilized to clarify the problem. Triplicate curation is a time consuming procedure but it allows a differential analysis using only the Reference gels. However it is necessary, in a second step of the analysis, to check that all the features found to be differentially expressed in the Reference gels also occur in gel I and gel II within each triplicate. This was done to ensure that only relevant changes were identified, and to ensure that the features found to be differentially expressed in Reference gels were also present in the other two gels and that the change occurred in the same direction and was at least of the same magnitude. After curation, each gel was found to comprise over 1200 spots. Moreover, the gels were highly reproducible amongst each triplicate (shown in Table 1 ). The triplicate gels of tsa4, tsa129, SV2 and SV4, at both temperatures, 33 and 39.58C, showed a percentage of homology above 80%, while tsa8 and tsa12 gels showed a percentage of homology above 66% when compared with the Reference gel. The differentially expressed spots were then submitted to CHIMAP, a newly developed program that gives a visual representation of the differentials across a set of matched spots in many different gels with respect to a reference gel (Harris, 2002) . Only protein spot changes that were greater than 1.5-fold in magnitude and observed in all the three gels in each triplicate, were considered. It should be noted that for changes that are designated as n.c., it does not imply that there was no change, but that it was less that 1.5-fold in magnitude.
After curation of all the gels and comparison of the proteome of each cell line at 338C versus 39.58C, we proceeded to determine if the different cell lines showed the same changes and if the common changes were of a similar magnitude. We considered relevant all changes that were observed in the four tsa cell lines but not in the controls. We did not consider those changes that occurred in both the tsa cell lines as well as in the SV controls, because they were most likely to be due to the temperature shift, and not to cellular senescence per se. We also considered those changes that occurred in the SV controls but not in the tsa cell lines, hypothesizing that an opposite change was occurring in the cell lines to balance the change observed in the controls due to the temperature shift.
This analysis identified a total of 43 spots that represented proteins differentially expressed in the conditionally immortalized tsa cell lines upon shift up to 39.58C and thus, in accordance with our model system, represent features that are differentially expressed upon replicative senescence. These differentials were grouped into five different sub-groups, according to how well they fit with the rationalization presented above.
Of the 43 spots, 17 followed exactly the criteria that we used for the differential analysis. Spot 309 and 639 increased in all the tsa cell lines upon shift up from 33 to 39.58C, and did not change in the two control SV cell lines. Spot 408 behaved in an analogous way except that it decreased in one of the controls (SV2) upon shift up from 33 to 39.58C. Spot 295 (presented in Figure 3 ) and 340 decreased in all the tsa cell lines upon shift up from 33 to 39.58C, and did not change in the two control SV cell lines. Spot 854 was found to remain flat in all the tsa cell lines upon transfer from 33 to 39.58C, and to decrease from 33 to 39.58C in the two SV control cell lines. All the other 11 spots remain unchanged in all the tsa cell lines at both temperatures but increased in the control SV cell lines upon shift up from 33 to 39.58C. We designated these 17 changes the 'perfect matches' (Table 2A and Figure 2 ).
We also decided to consider relevant those changes that did not fit exactly the above criteria and occurred in some of the cell lines, but not in all of them. This was done because we thought that it might be possible that the level of 'agreement' could be influenced by the degree of conditionality of the tsa cell lines, because the reduction in the proliferative potential upon shift up to the non-permissive temperature varies between the cell lines.
We identified 13 spots that fit our criteria in all except one cell line (Table 2B ). We next identified four changes that were mismatched in two of the cell lines (Table 2C ) and six that were mismatched in more than two cell lines (Table 2D) . We also identified a further three spots that showed a shift in their migration at the different temperatures. Spot 883 and 889 (shown in Figure 2 ) showed a shift in their migration in the two control SV cell lines, while they migrated at the same place in gels from all four tsa cell lines. Interestingly spot 853 showed a shift in its migration in the tsa cell lines but not in the control SV cell lines (Table 2E) .
It was particularly interesting to note that the tsa cell line that had the lowest number mismatches with our rationale was tsa8 (no mismatches), while tsa12 had a single mismatch, and tsa129 and tsa4 had three and five mismatches respectively. This correlates exactly with the degree of conditionality of the cell lines; tsa8 is the most conditional cell line, followed by tsa12 and tsa4 and 129 are the least conditional in this group of tsa cell lines.
Identification by mass spectrometry
The differentially regulated excised spots were first subjected to MALDI-MS peptide mass mapping. The results are presented in Table 3 and in greater details in Supplementary information Tables 1 -3. For some of the spots where peptide mass mapping by MALDI-MS was unsuccessful or ambiguous, ESI-MS/MS was performed. In addition, a few samples with sufficient MALDI-MS data for protein identification were also analysed by ESI-MS/MS to verify the MALDI-MS Differentially expressed features that are common between cellular senescence in the tsa cell lines and replicative senescence in primary REFs
The list of proteins that we found to be differentially expressed upon loss of proliferative potential in the conditionally immortalized tsa cell lines was then compared with a similar differential proteome study conducted on replicative senescence of primary REFs upon serial passaging (Benvenuti et al., 2002) . This identified nine differentially expressed features, shown in Table 4 , that were in common between the two studies even though they had been conducted entirely separately. It was possible to match and subsequently compare the tsa gels versus the REF gels because the isoelectric point (pI) and molecular weight of each spot was calculated by bilinear interpolation between landmark spots on each image that had previously been calibrated with respect to the same Escherichia coli proteins. The differentially expressed spots were identified independently by mass spectrometry from both cell systems, (they have been excized and analysed twice (once from a REF 2D gel and once from a tsa gel)). From the nine features that were in common between the tsa cell lines and the primary REFs, shown in Table 4 One possibility for the lack of correlation between the identities for spot 309/504 could be the presence of multiple proteins and the relative abundance of each component of that spot being slightly different in the two different cell models, and only the most abundant protein being identified by mass spectrometry. Since we have hypothesized that the tsa cell lines are a model for studying the transition to the post-mitotic state of senescence, it indicates that the features found to be differential in both different model systems are likely to correspond to proteins that are involved in this step.
Discussion
Here we have presented a high resolution differential proteomic analysis aimed at identifying proteins that were differentially expressed when REF cell lines conditionally immortalized with the thermolabile SV40 tsA58 T antigen undergo replicative senescence upon its inactivation. This identified 43 differentially expressed features that were subsequently identified by mass spectrometry. Comparison of these differentially expressed features with those identified in a complimentary differential proteomics study of replicative senescence upon serial passaging of primary REFs identified nine features that were in common between the two systems. We have previously shown that the conditionally immortalized cell lines are committed to undergo senescence but are prevented from undergoing this process by the presence of the tsA58 T antigen and therefore are a model for studying the entry into cellular senescence upon its inactivation. Therefore these common features are likely to correspond to proteins that are either involved in or are markers for the entry into the senescent state. The proteins that were found to be differentially expressed in the tsa cell lines when they ceased proliferating upon inactivation of tsA58 T antigen comprised a variety of cytoskeletal, heat shock and metabolic proteins as well as proteins involved in trafficking, differentiation and protein synthesis, turnover and modification. Comparison of these differential proteins with those that were found to be differential in a complimentary functional proteomic study of replicative senescence upon serial passaging of primary REFs identified nine common features; three of these features fit perfectly the criteria for potential candidates for entry into replicative senescence.
These three features comprised tsa spot 295 that was identified as TUC-2. It was down-regulated in all four tsa cell lines and remained unchanged in the control SV cell lines upon shift up; it was also down-regulated in REFs upon serial passaging. Moreover the downregulation of the TUC-2 protein in senescent REFs was associated with down-regulation at the RNA level. Since we have found that ectopic expression of TUC2 alone was not sufficient for immortalization of REFs (unpublished data) it suggests that loss of expression TUC-2 was not the cause of replicative senescence but TUC-2 may be an excellent marker for this process. TUC-2 belongs to the TUC (TOAD-64/Ulip/CRMP) family of intracellular phosphoproteins implicated in axon guidance and outgrowth and thereby regulation of neuronal differentiation (Wang and Strittmatter, 1996; Byk et al., 1998; Quinn et al., 1999) . This was further supported by their homology to unc-33, a Caenorhabditis elegans gene that is required for normal axon outgrowth and guidance. TUC-2 is expressed by both neurons and their progenitors and is also slightly up-regulated upon treatment of PC12 cells with NGF. Recently TUC-2 was found to be associated with microtubule bundles at the mitotic spindle and proposed to be involved in regulating microtubule dynamics . Since our results suggest that TUC-2 may be a very good marker for senescence, it will be very informative to determine whether the down-regulation at the RNA level is due to decreased transcription or changes in RNA stability and identify the factors that are the cause of these changes. In addition to this down-regulation of TUC-2, we have found that there was a loss of TUC-2 phosphorylation upon both replicative senescence of REFs and premature senescence of REF52 cells. A similar loss of phosphorylated TUC-2 was found in the tsa cells upon shift up (S Benventuti, data not shown). Interestingly, Ihara and colleagues have previously shown that in Alzheimer's disease (AD) a phosphorylated form of TUC-2 was present within neurofibrillary tangles and some plaque neurites and was significantly increased within the soluble fraction of AD brain extracts . They further showed that the phosphorylation occurred at serine and threonine residues within the carboxy-terminal basic region and proposed that it may play a role in regulating its activity. It will therefore be very interesting to determine in growing cells, the sites of TUC-2 phosphorylation, identify the kinase responsible and finally determine whether the loss of phosphorylation has a role in cellular senescence.
Another feature that fit our criteria was tsa spot 309. It was up-regulated in all the tsa cell lines and remained unchanged in the control SV cell lines upon shift up and was up-regulated in senescent REFs. This feature was identified in the tsa gels as Lamin A whereas in the REF gels it was identified as MPAST and Lamin A or C. Further work is thus necessary to determine which of these candidate proteins is truly differentially expressed, whether the up-regulation is due to up-regulation at the RNA level and what is the cause of this up-regulation. Lamin A is a member of a protein family that includes three known mouse A-type lamins (A, C and C2), encoded within a single genomic locus (Nakajima and Abe, 1995). They are the major components of the nuclear lamina, a two-dimensional filamentous network at the periphery of the nucleus in higher eukaryotes, directly underlying the inner nuclear membrane (Gotzmann and Foisner, 1999) . Lamins as well as lamin-binding proteins appear to be important for various steps of post-mitotic nuclear reassembly, including cross-linking of chromatids, nuclear membrane targeting, nuclear lamina assembly, and the formation of a replication-competent nucleus, however their specific role is unknown (Gotzmann and Foisner, 1999) .
Another feature that showed a perfect fit with our criteria was tsa spot 854. It remained unchanged in three of the tsa cell lines and was up-regulated in (Freyd et al., 1990) Isl-1 (Karlsson et al., 1990) and Mec-3 (Way and Chalfie, 1988; Wang et al., 1995) . The LIM domain is a zinc finger motif present in several types of proteins, including homeodomain transcription factors and kinases. Proteins containing LIM domains have been discovered to play important roles in a variety of fundamental biological processes including cytoskeleton organization, cell lineage specification and organ development, but may also be involved in oncogenesis. The LIM domain is a protein -protein interaction motif critical for these processes (Bach, 2000) . CLP36 has been shown to bind, via a-actinin-1, to actin filaments and stress fibers in activated human platelets and endothelial cells (Bauer et al., 2000) . In the rat, CLP36 mRNA is mainly expressed in heart, lung and liver, less in spleen and skeletal muscle, and at extremely low levels in testis and brain tissues. Further experiments are now necessary to determine the cause of the upregulation of CLP36 and whether the up-regulation contributes towards replicative senescence. There were three other features that were commonly differentially expressed but did not fully fit our criteria. tsa spot 112 identified as gelsolin was one of these. Gelsolin mediates the rapid remodeling of cortical actin filaments and has a role in cell functions that are dependent upon stress fibers. It has been proposed to be a candidate tumor suppressor gene for breast cancer because its expression is either partially or completely lost in the majority of breast cancers of diverse aetiologies (Asch et al., 1996) . It is also down-regulated in transformed cells as well as other tumour types (Lee et al., 1999; Shieh et al., 1999; Dong et al., 1999) . Our previous finding that gelsolin was up-regulated upon replicative senescence in both rat and mouse embryo fibroblasts were consistent with these observations. However the results presented here show that gelsolin remained unchanged in the tsa cells upon shift up but it was up-regulated in the control SV cells suggesting that either the tsa cells do not respond to the temperature shift or there was a compensatory downregulation. Since we have previously shown that tsa cells respond to heat shock, the most likely cause of our results is that there is a compensatory downregulation of the gelsolin protein upon shift up. This was not in accordance with our previous finding that gelsolin levels were increased in senescent cells and this increase was due to protein stability. It will therefore be intriguing to determine how and why this protein becomes stabilised in senescent cells and why this does not occur when the tsa cells cease dividing. It is interesting to note that Asch et al. (1996) have shown that in cancer cells both gelsolin protein and its mRNA were down-regulated, suggesting that an alteration in the rate of transcription was the cause of the dysfunction.
Another commonly differential spot that did not fully fit our criteria was tsa spot 61, identified to be aglucosidase II. The a-glucosidases are intimately involved in quality control in the endoplasmic reticulum (ER), a process that ensures proper folding of newly formed polypeptide chains leading to retention and/or degradation of incorrectly folded proteins (Herscovics, 1999) . Interestingly we have previously found that a-glucosidase was up-regulated upon replicative senscence in both rat and mouse embryo fibroblasts and premature senescence of REF52 cells upon ectopic expression of activated Hras. Here we have shown that it was differentially expressed in the tsa cell lines upon inactivation of T antigen and entry into senescence. As for gelsolin, it was not up-regulated in the tsa cells upon shift up rather it was up-regulated in the control SV cell lines. Interestingly we have shown by RT -PCR analysis of RNA extracted from serially passaged REFs that aglucosidase levels decrease rather than increase suggesting that the increase in protein level is most likely to be due to protein stability.
The third feature that comprises this group of common differential features was tsa spot 239 that was identified as lysyl-tRNA synthetase. Unfortunately there was insufficient protein within the REF spot for identification by mass spectrometry. Therefore further work is necessary to determine the identity of the protein that was differential within this spot.
Our analysis identified three other features that were common between the two systems, tsa spots 50 (alanyltRNA synthetase+heat shock protein 105 KDa a/b), 503 (Eukaryotic polypeptide chain release factor 1 + probable ATP-dependent RNA helicase p47) and 1060 (heat shock protein 27). Unfortunately these three spots were not differential in all the tsa cell lines and were thus not considered as prime candidates. Interestingly two of them, spots 50 and 503 behave as spots whose expression was up-regulated only in the control SV cells. The data for spot 1060 was rather confusing because even though it is a heat shock protein, it remained unchanged in the control SV cells upon temperature shift, was down-regulated in tsa8, 12 and 129 and up-regulated in tsa4 cells upon shift up.
The differential proteomic analysis presented here and elsewhere has allowed us to identify some candidate proteins that have previously not been linked with replicative senescence. Even though it remains to be unequivocally demonstrated that any of these differentially expressed proteins either singly or in combination are the cause of replicative senescence, they represent important starting points for determining the activities critical for the observed changes in expression, whether they occur at the level of mRNA, or protein or by post-translational modification and whether they are involved in replicative senescence of human cells.
Materials and methods
Cell cultures
The conditionally immortalized cell lines, tsa4, 8, 14 and 129, as well as the control cell lines, SV2 and SV4, were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% (v/v) heat inactivated foetal calf serum (FCS), 2 mM glutamine, 100 units/ml penicillin and 100 mg/ml streptomycin. All of these cell lines were propagated at 338C, the permissive temperature and cultures were shifted up to 39.58C for 72 h prior to preparation of cell lysates. All media and components were obtained from Invitrogen Life Technologies.
Sample preparation for 2-D gels
The cell extracts used for the 2-D gels were prepared by adding a solution containing 4% wt/vol 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulphonate, 5 M urea, 2 M thiourea, 65 mM DTT, 0.8% wt/vol Resolytes 3-10 (BioRad), and trace bromophenol blue to a frozen cell pellet to yield approximately 300 mg protein in a final volume of 925 ml. This was vortexed, left to stand for 5 min, vortexed again, then centrifuged at 13 000 g for 5 min at 158C. Samples were prepared as triplicate independent samples.
2D-gel electrophoresis
Immobilized pH gradient (IPG) gels (Immobiline DryStrip 3-10 NL, Amersham Pharmacia Biotech) were rehydrated with 370 ml of solubilized sample and focused overnight (70 kVh, 208C) according to Sanchez (Sanchez et al., 1997) . Immediately after focussing, IPG gels were equilibrated in 6 M urea, 2% wt/vol SDS, 2% wt/vol DTT, 50 mM Tris.HCl, pH 6.8 and 30% vol/vol glycerol for 15 min before running in the second dimension on 9 -16% T, 2.7% C gels, cast with the gel bound to one of the glass plates, in an electrophoresis tank similar to that described by Amess and Tolkovsky (1995) at 30 mA per gel and 208C. Immediately after electrophoresis, gels were fixed in 40% vol/vol ethanol : 10% vol/vol acetic acid and stained with the fluorescent dye OGT MP17 and 16-bit monochrome fluorescence images at 200 mm resolution were obtained by scanning the gels with an Apollo II linear fluorescence scanner (Oxford GlycoSciences, UK). Two gels were run for each sample.
Protein identification by mass spectrometry
Identifications of all differentially expressed proteins utilized a standard approach using MALDI-MS and if necessary ESI-MS/MS. Differential spots were excised from one of the triplicate gels, which showed the highest expression level for each spot. Prior to mass spectrometry, tryptic in-gel digests were carried out on all samples using a protocol similar to already published procedures (e.g., http://donatello.ucsf.edu/ ingel.html). Details of the procedures for peptide mass mapping by matrix-assisted laser desorption/ionization and nano-HPLC electrospray ionization tandem mass spectrometry have been previously published (Benvenuti et al., 2002) .
